We propose a new scheme for determining the eigenfrequency of magnetic vortex dynamics, which has been hardly detected electrically because of its nanoscale diameter on the order of the exchange length, without exploiting large magnetoresistive materials or distorted core trajectories for homodyne spin torque diode detection. We have succeeded in measuring the rectified voltage generated via the in-plane anisotropic magnetoresistance effect using ac current at twice the frequency of the core gyration, and our method enables us to detect electrical signals originating from nondistorted symmetric circular gyration. © 2014 The Japan Society of Applied Physics C urrent-driven domain wall motion 1,2) has been one of the hottest topics in spintronics because of its prospects for memory applications.
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3) One of the unique domain structures, a magnetic vortex, 4, 5) can be regarded as a current-induced harmonic oscillatory system in the submicron scale, and a hopeful candidate for future spintronics devices, such as frequency sensors, 6, 7) spin torque active oscillators, 8) and tunable magnonic crystals. [9] [10] [11] However, the collective gyration mode of the vortex core, the translational mode (TM), 12, 13) is associated with only nanometer-scale magnetization changes around the core region. Therefore, it is usually difficult to detect TM electrically without preparing arrayed vortices 13) or a multilayer device structure with a large giant 8) or tunnel 14) magnetoresistance. Among electrical methods, a frequency sensor using the spin torque diode effect is a quite conventional way for picking up signals of TM for a single vortex state. 6, 7) However, the homodyne detection method has required an intentional symmetry breaking in the structure. 15) In this paper, we newly propose an alternative method of observing TM through the detection of the rectified voltage via the second-order harmonic resistance oscillation. Our method enables us to discuss the nondistorted nature of TM sensitively despite exploiting the small magnetoresistance of the anisotropic magnetoresistance effect (AMR).
Under the resonant condition, the vortex core rotates around its equilibrium at an eigenfrequency. This periodical change in in-plane magnetization around the core results in an oscillatory AMR. When the position of the core r = (x, y) is shifted from the center of the disk (x R , y R ), the resistance of the ferromagnet is expressed as 15) 
Assuming the plane-symmetric system (a x = a y = a) and using the trigonometric formula, the rectified dc voltage (V dc ) is derived as
for the first-order harmonic detection current I = I ac2 e i½t and
for the second-order harmonic detection current I = I ac2 e i2½t . Here, (x 0 , y 0 ) is the equilibrium position of the core, and the time evolution of the core position is written as (x, y)
. The values of (X, Y ) are analytically calculated from Thiele's equation, [16] [17] [18] GðpÞ
Here, the gyro vector
where p, L, M S , ® 0 , £, and e z are, respectively, the polarity of the core, thickness of the ferromagnetic disk, saturation magnetization of the ferromagnet, space permeability, gyromagnetic ratio, and unit vector along the z-direction. ¡, ¢, and D are the Gilbert damping constant, coefficient of the nonadiabatic spin transfer torque, 19) and damping tensor, respectively. The alternative adiabatic spin transfer torque is expressed as u(t) = ¹(® B JP/eM S )e i(2)½t e x Ô u 0 e i(2)½t e x , where ® B , J, P, e, and e x are the Bohr magneton, current density, spin polarization of the ferromagnet, electric charge, and unit vector along current injection (x-axis), respectively. The effective energy term U(r) includes the harmonic potential for the vortex core 20) and the Zeeman energy. U(r) is usually written as U(r) = (¬ x /2)X 2 + (¬ y /2)Y 2 + U z , where ¬ x and ¬ y are the coefficients of the effective harmonic potential. U z is the Zeeman energy and its derivative is given as ¹¤U z /¤r = ¹cqe z © H, where c is the chirality of the core and q = ³M S LR (R: radius of the ferromagnetic disk). In our analyses, the current-induced Oersted field along the ydirection H £ Je y is only considered as an external field. Note that Eq. (2) takes finite values when the equilibrium position is shifted from the center of the core, i.e., (x 0 ¹ x R ) º 0, which cannot be expected in a symmetrically shaped ferromagnet such as circular disks.
Figures 1(a)-1(c) show time dependences of excitation current, AMR, and voltages derived from micromagnetic simulations 21) and the analytical model of Eqs.
(1)-(4). The relationship between the core position and the AMR oscillation is illustrated in Fig. 1(d) . For a symmetric gyration (A-D), the core shifts orthogonal to the direction of the applied current when AMR shows a local maximum at A (C). After a ³/2 rotation of the core, the total in-plane component of the magnetization aligns orthogonal to the current direction at B (D), and thus, AMR shows a minimum. This reveals that the period of the AMR oscillation (T a ) is half that of TM (T t : 2T a = T t ), as indicated in both the simulation and analytical calculations in Figs. 1(a) and 1(b), respectively. For the homodyne detection, in which the frequency of the detection current coincides with that of TM, it is originally difficult to detect the rectified dc voltage. Only when a small displacement from the equilibrium position (the center of the core) is introduced, the rectified voltage is detectable. Cartoons of the core trajectory with the core deflected toward the current direction are illustrated as AA-DA in Fig. 1(d) . Original positions at local minima (BA and DA) turn to be different whereas originals at local maxima (AA and CA) are exactly identical. The small core shift suppresses the AMR change at DA, which causes an additional frequency component in AMR oscillation synchronized with current. Therefore, the time average of V dc,1f (a blue line in the bottom graph) in Fig. 1(c) becomes a finite value. Such an asymmetric gyration was usually introduced by the bias field 15) or the device structure. 6, 7) In these manners, when the frequency of the ac current is synchronized with the "original" AMR oscillation, i.e., the second-order harmonic of the gyration mode, a large rectified voltage should be detected without breaking the symmetry of the core trajectory for TM.
The schematic illustration of our device structure and the measurement setup are shown in Fig. 2 . The two microwave circuits are electrically insulated. One includes a permalloy disk with a magnetic vortex and acts as a detection circuit, and the other is a coplanar-type waveguide for the excitation using ac magnetic field. Both circuits have their own signal generators, and injected microwaves were precisely monitored using a 7 GHz sampling oscilloscope so as to keep the phase relation of the detection current and the excitation field coordinated. Note that the detection circuit itself works as an excitation part for homodyne detection in a conventional spin torque diode measurement only when the frequency of the injection current ( f 2 ) coincides with the eigenfrequency of TM. The structure was fabricated using a conventional lift-off method by electron and photolithography techniques. The detection circuit consisted of a Ni 80 Fe 20 (500 nm in radius and 30 nm in thickness) circular disk and a Cu (50 nm)/ Ti (5 nm)/Au (150 nm) electrode, and the excitation circuit was made of Ti (5 nm)/Au (150 nm) electrodes with the Al 2 O 3 (50 nm) insulator, which were deposited on Si/SiO 2 substrates. Figure 3 shows the resonant spectra of the rectified dc voltage V dc as a function of the frequency of the detection current under the zero magnetic field. A clear peak at approximately the eigenfrequency of TM (238 MHz) is observed for a conventional spin torque diode measurement (excitation and detection using f 2 ), as can be seen in Fig. 3(a) . The finite rectified voltage is attributed to a small core deflection from the very center of the disk owing to the incompleteness of samples, 6, 7) which is experimentally demonstrated in Fig. 4(a) . For our detection scheme in Fig. 3(b) , the excitation frequency f 1 was set at half of the detection frequency f 2 . The amplitude of I ac2 was 1.9 mA and its excitation field was estimated as H = (2.1 « 0.5) Oe. The phase relationship between I ac1 and I ac2 (¦) was controlled as shown in the inset of Fig. 3(b) . A clear change in the spectra at approximately the doubled frequency of 471 MHz for the eigenfrequency of TM is observed. When the phase difference between the detection current and the excitation field changes from the in-phase (¦ = 0) to the out-of-phase (¦ = ³/2), the sign of the rectified voltage is switched. It ensures that the spectra come from the projection of the detection current in the AMR oscillation. It is worth mentioning that the frequency of the detection current remains under off-resonant conditions [ Fig. 3(b)] ; thus, the effect of spin transfer torques from both excitation and detection currents is revealed to be negligible by this symmetric sign inversion. The experimental results are well reproduced by the analytical model in Eqs. (3) and (4) , and P = 0.4. The small tailings of spectra in Fig. 3(b) may be attributed to perturbations of the effective potential U(r) from the parabolic form. 23) Resonant spectra in different in-plane external magnetic fields are further shown for the homodyne detection in Fig. 4(a) and the second-order harmonic detection in Fig. 4(b) . The external field deflects the rotating center of the core, from which the anisotropy in detection can be evaluated. Apart from the monotonic increase in resonant frequency due to the Zeeman energy, 24) the peak amplitude of the rectified voltage ¦V dc /I ac2 exhibits different frequency dependences between the homodyne detection and the second-order harmonic detection as plotted in Fig. 4(c) . For the homodyne detection, the rectified voltage linearly increases with the external field with respect to ¹19 Oe, where the core deflection by the sample incompleteness and the external field should balance out, showing that the rectified dc voltage is proportional to the core shift from the center of the disk (x 0 ¹ x R ) in Eq. (2). On the other hand, the rectified voltage remains constant under the field in the case of the second-order harmonic detection, assuring that our new method enables us to detect the fully symmetric gyration of the core.
In summary, we have observed the AMR oscillation synchronized with the circular core gyration in magnetic vortices for the first time and proposed a new sensitive electrical detection method for the circular core gyration. The spectra of the rectified dc voltage clearly show a resonant line at the eigenfrequency of the translational mode for a single vortex state. This technique has three specific advantages that the conventional homodyne detection method does not have.
Firstly, this is a kind of heterodyne detection method that enables us to easily separate the detection current from the excitation current, which causes the spin transfer torque and the current-induced Oersted field. 6, 7, 10, 15) Secondly, this method does not require any asymmetry in the vortex core trajectory unlike the homodyne detection. The method can be used for detecting the gyration mode of vortices in any symmetric system with no magnetic anisotropies. Furthermore, it can easily exclude undesired nonlinear effects such as a foldover of eigenfrequency. 25) Finally, the rectified voltage depends on the squares of the core position in Eq. (3), whereas the voltage in the homodyne detection depends linearly on the core position. Thus, the spectrum shape obtained by this method reflects more sensitively on the trajectory of the resonantly excited core than that obtained by the homodyne detection. In addition, the method may allow us to discuss in detail the effect of the current-induced torques on the vortex dynamics, including adiabatic spin torque, current-induced field torque, and nonadiabatic spin torque. Quantitative estimation of latter two may be possible although still under debate. 
